Abstract Our purpose was to characterize the risks of osteoporosis-related subtrochanteric fractures in bisphosphonate-naive individuals. Baseline characteristics of patients enrolled in the HORIZON-Recurrent Fracture Trial with a study-qualifying hip fracture were examined, comparing those who sustained incident subtrochanteric fractures with those sustaining other hip fractures. Subjects were bisphosphonate-naive or had a bisphosphonate washout period of 6-24 months and subsequently received an annual infusion of zoledronic acid 5 mg or placebo after low-trauma hip-fracture repair. In total, 2,127 men and women were included. Of the qualifying hip fractures, 5.2% were subtrochanteric, 54.8% femoral neck, 33.0% intertrochanteric, and 7.1% other (generally complex fractures of mixed type). Significant baseline (pre-hip fracture) differences were seen between index hip-fracture This study is conducted on behalf of the HORIZON-Recurrent Fracture Trial.
types, with the percentage of patients with extreme mobility problems being twofold higher in patients with index subtrochanteric fracture (9.9%) compared to other patients. The distribution of hip-fracture types was similar between the treatment groups at baseline. No patients with index subtrochanteric fractures and six patients with other qualifying hip fractures reported prior bisphosphonate use. Only one further subtrochanteric fracture occurred in each treatment group over an average 2-year patient follow-up. Subtrochanteric fractures are not uncommon in bisphosphonate-naive patients. Extreme difficulties with mobility may be a unique risk factor predisposing to development of incident subtrochanteric fractures rather than other types of hip fracture. In patients with recent hip fracture who received zoledronic acid therapy, the incidence of new subtrochanteric fractures was too small to draw any meaningful conclusions.
Keywords Bisphosphonate Á Hip fracture Á Osteoporosis Á Subtrochanteric Á Zoledronic acid Recent publications have questioned the safety of bisphosphonates in the treatment of osteoporosis [1] [2] [3] [4] [5] [6] . In particular, concern has been raised regarding the development of atypical subtrochanteric fractures in alendronate-treated individuals potentially related to marked suppression of bone turnover [2] [3] [4] . Atypical fractures are fractures that occur in diaphyseal and subtrochanteric sites after minimal trauma, such as a fall from standing height or lower. Thickened cortices differentiate these atypical fractures from the thin cortices seen with typical osteoporotic fractures. Subtrochanteric fractures, however, are known to occur in patients suffering from osteoporosis who have never been treated with bisphosphonates. The question then arises whether incident subtrochanteric fractures in bisphosphonate-treated individuals are a consequence of the underlying condition or due to therapy. Little is known about the epidemiology of these osteoporosis-related subtrochanteric fractures in older adults, and such information may be helpful in untangling emerging data about atypical, bisphosphonate-related subtrochanteric fractures.
Patients with a low-trauma hip fracture have one of the highest risks of subsequent fracture, including a high risk of hip-fracture recurrence [7, 8] . In order to better understand the epidemiology and outcomes of subtrochanteric fractures in osteoporotic patients who were bisphosphonate-naive, we examined the baseline characteristics from the HORIZON-Recurrent Fracture Trial (RFT) to determine the risks for incident osteoporosis-related subtrochanteric fractures.
Methods

Design Overview
This was a post-hoc analysis of the HORIZON-RFT, a randomized, placebo-controlled, double-blind study, which recruited subjects aged C50 years who had undergone surgical repair of a low-trauma hip fracture in the preceding 90 days [5] .
Setting and Participants
The HORIZON-RFT evaluated the safety and efficacy of a once-yearly bisphosphonate, zoledronic acid, in preventing new clinical fractures in a total of 2,127 patients with recent low-trauma hip-fracture repair. Patients were unwilling or unable to take an oral bisphosphonate. Prior use of bisphosphonates or parathyroid hormone was allowed, with a washout period determined by the drug and the duration of its use. The washout periods for any oral bisphosphonate were 2 years (if used for more than 48 weeks), 1 year (if used for 8-48 weeks), and 6 months (if used for 2-8 weeks). This post-hoc analysis focused on subjects with subtrochanteric hip fractures as their qualifying (index) hip fracture for entry into the study, prior to any study drug administration. Index fracture site (subtrochanteric, femoral neck/subcapital, intertrochanteric, or other) was recorded by the investigator at the time of enrollment, but index hip-fracture radiographs were not collected.
Informed consent was obtained from subjects, and investigations were approved by an institutional human research committee. The study was conducted according to the ethical principles of the 1989 Declaration of Helsinki and local applicable laws and regulations.
Randomization and Interventions
Patients were assigned at random to receive an intravenous infusion of zoledronic acid 5 mg (Novartis Pharma, Basel, Switzerland) (n = 1,065) or placebo (n = 1,062) once yearly. Both groups received a loading dose of vitamin D 2 or D 3 intramuscularly or orally, followed by 800-1,200 IU vitamin D and 1,000-1,500 mg elemental calcium orally on a daily basis. Concomitant antiresorptive therapy with calcitonin, hormone-replacement therapy, selective estrogen receptor modulators, and tibolone was allowed. All study procedures were approved by the local institutional review board at each participating site.
Outcomes and Follow-Up Subsequent clinically apparent fractures, including second hip fractures, were the primary end point and were adjudicated by a blinded central committee that reviewed radiographs and radiograph reports.
Potential risk factors for index hip subtrochanteric fracture were determined for each subject. Baseline comorbidities, demographics, and prior osteoporosis therapy were recorded at baseline. Bone mineral density (BMD) was measured at baseline and yearly thereafter. Other measures that were used in the present analysis include EQ-5D total score and each of the separate dimensions, additional fractures after randomization, and survival status. Laboratory values were measured at a central laboratory prior to study drug infusion.
Statistical Analysis
A univariate logistic regression model was used to test if a predictor variable was associated with the index hip subtrochanteric fracture. The model was also used to determine whether place of residence following the index hospitalization was affected by the type of index hip fracture. A Cox regression model stratified by treatment group was used to evaluate whether the incidence rates of subsequent clinical fracture, hip fracture, and death during the study were higher in patients with index hip subtrochanteric fracture compared to other patients. Analysis of covariance models were used to evaluate the betweenindex hip-fracture type difference in change from baseline EQ-5D visual analogue scale (VAS) and utility scores during the study.
Results
Of the qualifying hip fractures, 5.2% were subtrochanteric, 54.8% femoral neck, 33.0% intertrochanteric, 7.1% other (generally complex fractures of mixed type), and 0.1% missing. Of the 106 subjects in the study who had sustained a baseline qualifying subtrochanteric fracture, 50 were randomly assigned to zoledronic acid 5 mg therapy and 56 to placebo (Table 1) .
In examining the baseline characteristics for those with subtrochanteric fractures relative to those who had sustained other types of hip fractures, no significant differences were observed between groups in the majority of factors ( Table 2) . The percentage of patients with extreme mobility problems (confined to bed) was twofold higher in patients with index subtrochanteric fracture (9.9%) compared with other patients (4.7%). In all, a significantly higher proportion of patients with subtrochanteric fractures at baseline had problems walking (i.e., mobility problems) than did patients with other hip fractures at baseline (82.2 vs. 77.1%, respectively; logistic regression P = 0.05) ( Table 2 ). In total, 4.7% of subjects with subtrochanteric fractures and 5.1% with other hip-fracture types reported taking permitted concomitant osteoporosis treatment at the time of their index fracture (Table 3) . However, no patients with index subtrochanteric fractures and only six patients with other types of qualifying hip fractures reported any prior use of bisphosphonates.
There was no difference in the incidence of death in patients with index subtrochanteric relative to other hip fractures. There was a trend for reduced risk of subsequent fracture over 24 months in those with index subtrochanteric fractures compared with other types of index hip fractures (3.47 vs. 11.61%, hazard ratio [HR] = 0.43, 95% confidence interval [CI] 0.18-1.03; P = 0.05). Patients with index subtrochanteric fractures were also numerically less likely to have a subsequent hip fracture (HR = 0.75, 95% CI 0.18-3.07; P = 0.68) over 24 months than those with other index hip fractures, although the difference was not statistically significant. At the end of the study, the mean increases in EQ-5D VAS scores and utility scores were significantly larger in patients with index subtrochanteric fractures compared to patients with other index hip-fracture types (P = 0.04 and P = 0.001, respectively) ( Fig. 1) . There was no difference between index hip-fracture types in the proportion of patients with extreme problems in the EQ-5D profile at the end of the study. The only exception was in patients with other types of index hip fracture, who were significantly more likely to have extreme problems with self-care than those with an index subtrochanteric fracture (at baseline, the difference was not statistically significant) (Fig. 2) . Patients with index subtrochanteric fractures were numerically less likely than those with other index hip fractures to be discharged to an assisted living facility or nursing home following the index hospitalization (odds ratio 0.90, 95% CI 0.52-1.56), but this difference was not statistically significant (P = 0.70).
In the overall study population, the rate of new hip fractures was 2.0% (23/1,065) in the zoledronic acid group and 3.5% (33/1,062) in the placebo group (P = 0.18). There were two subsequent subtrochanteric fractures reported as adverse events: one in the zoledronic acid group and one in the placebo group. Neither was reported as an atypical fracture with thickened cortices. As a result, no conclusions could be drawn about subtrochanteric fractures in the 24 months post-zoledronic acid therapy in this group of patients with a hip fracture at baseline. Further, in the safety analysis of the overall study population, no adverse effects on the healing of fractures were noted. Specifically, blinded adjudication by a panel of external experts found that there were no differences between treatment groups in delayed fracture healing or nonunion, regardless of fracture type or time of study drug infusion.
Discussion
The long-term safety of bisphosphonates for the treatment of osteoporosis has been questioned. Several case series have suggested a link between prolonged bisphosphonate therapy and atypical fractures [1] [2] [3] [4] [5] . In an early report, three patients sustained low-energy nonvertebral fractures of the femoral shaft while receiving long-term alendronate therapy, with bone biopsies showing evidence of severely suppressed bone turnover and fracture healing that was either delayed or absent [1] . Low-energy subtrochanteric fractures were associated with prodromal pain in the affected hip in the months preceding the fall, with a stress reaction demonstrated in the cortex in the contralateral femur [4] and a simple, transverse fracture with a unicortical beak in an area of cortical hypertrophy often seen associated with alendronate use [2] . A unique radiographic pattern, defined as a simple transverse or oblique (B30°) fracture with beaking of the cortex and diffuse cortical thickening of the proximal femoral shaft, has been reported with cortical thickening present in the contralateral femur in all patients with this pattern [3] . In a more recent study examining atypical fractures of the subtrochanteric or diaphyseal femur, it was reported that these fractures were rare and that in this (albeit underpowered) study, no significant increase in risk was seen in association with bisphosphonate use for as long as 10 years [6] . In addition, the results from a register-based national cohort study and cross-sectional analysis conducted in Denmark did not support previous suggestions of increased risk of atypical subtrochanteric fractures as a consequence of long-term bisphosphonate use [9] .
Little is known about the epidemiology of typical, osteoporosis-related subtrochanteric fractures in older adults. A better understanding of the risk factors, incidence, and outcomes of these fractures is useful to frame the debate about atypical, bisphosphonate-related subtrochanteric fractures. Prior studies have suggested that subtrochanteric fractures make up approximately 5-10% of hip fractures in older adults [10] . The incidence appears to be higher in Asians than in other populations, and this has been hypothesized to relate to higher prevalence of osteomalacia [11] . It is not clear whether risk factors or outcomes of these fractures differ from other types of hip fracture.
The HORIZON-RFT, as a large-scale, randomized, controlled trial in a high-risk population who had already sustained a hip fracture and including a subset of patients with an index subtrochanteric fracture, provided a unique framework for meaningful data on bisphosphonate use and osteoporosis-related subtrochanteric fracture risk. Data were systematically collected at the time of study entry, and it was observed that 5.2% of patients had sustained an index subtrochanteric fracture; all were bisphosphonatenaive. Unfortunately, we were not able to determine whether these patients exhibited the thickened cortices associated with atypical subtrochanteric fractures. Subjects with an index subtrochanteric fracture were significantly more likely to report baseline mobility problems than those with other types of index hip fractures and were likely to have significantly greater increases in EQ-5D VAS and utility scores (i.e., greater declines in condition). These findings suggest that subtrochanteric fractures might be associated with greater postoperative mobility limitations and poorer health outcomes overall than other hipfracture types. Although the results suggest that mobility problems might be a risk factor for subtrochanteric fractures, some inconsistencies in the data, for example, that patients with other types of hip fracture were significantly more likely to have extreme problems with self-care at the end of the study, suggest that this could be a chance finding, particularly since only univariate analysis was performed.
Over the course of the study, only two subtrochanteric fractures occurred; and once again, we could not determine whether these were atypical subtrochanteric fractures with thickened cortices. However, our study adds to the understanding of subtrochanteric fractures as a type of osteoporotic hip fracture with similar risk factors and outcomes to intertrochanteric and femoral neck fractures. Additional studies are needed to accurately distinguish ''atypical'' fractures possibly associated with bisphosphonate use from the more common subtrochanteric fracture related to osteoporosis.
Our study is not without limitations. Our greatest limitation was that the subtrochanteric fractures were ''reported,'' without knowledge of time of occurrence, and not reviewed by a radiologist to confirm that they were indeed subtrochanteric fractures, a similar limitation identified in the post-hoc analysis recently published by Black and colleagues using data from the HORIZON-RFT, FIT and FLEX trials [6] . Unfortunately, both the baseline and follow-up X-rays are not readily available for review. As a result, the fractures could not be fully characterized. In addition, there was no central reading of the index hip fractures. However, despite some limitations, this analysis Fig. 1 Between-hip-fracture type comparison of change from baseline in a EQ-5D Visual Analogue Scale (VAS) and b EQ-5D utility scores by visit (intention-to-treat population). a *P = 0.02, **P = 0.04. b *P = 0.006, **P = 0.025, ***P = 0.001. n number of patients with measurements at both baseline and postbaseline visits, CI confidence interval. Scale 0 corresponds to worst possible health and 100 corresponds to perfect health. Error bars show standard error of least squares mean (LSM). Value at end of study visit is hip-fracture type difference, i.e., the LSM difference of subtrochanteric hip fracture versus other hip fracture on the change from baseline. The P value is obtained from an analysis of covariance model, with baseline score, region, treatment, and hip-fracture type as explanatory variables Fig. 2 Proportion of patients with extreme problem in EQ-5D profile by dimension at end of study (intention-to-treat population). *P = 0.009. n number of patients with measurement for visit. P value obtained from Fisher's exact test provides important additional information on the incidence and risk of subtrochanteric fractures.
Conclusions
Our post-hoc analysis demonstrated that osteoporosisrelated subtrochanteric fractures are not uncommon and do occur in bisphosphonate-naive patients. In patients with recent hip fracture, extreme problems with mobility may have been a predisposing risk factor to the development of incident subtrochanteric fractures. Finally, the incidence of subtrochanteric fractures post-zoledronic acid therapy was rare and too small to draw any meaningful conclusions about the occurrence of new subtrochanteric fractures with short-term zoledronic acid therapy.
